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Abstract. Therehavebeenmany studiesof the linear responseac conductanceof a double-
barrier resonanttunnelling structure. While thesestudiesare important, they fail to self-
consistentlyinclude the effect of time-dependentcharge density in the well. In this paper,
we calculatethe ac conductanceby including the effect of time-dependentcharge densityin the
well in a self-consistentmanner.The charge densityin the well contributesto both the flow of
displacementcurrentsandthe time-dependentpotentialin thewell. We find that including these
effects can make a significant differenceto the ac conductance,and that the total ac current
is not equal to the averageof non-self-consistentlycalculatedconductioncurrentsin the two
contacts,an assumptionoften made.This is illustratedby comparingthe resultsobtainedwith
andwithout the effect of the time-dependentcharge densityincludedproperly.

1. Introduction

Double-barrierresonanttunnellingstructures(DBRTS) havebeenof greatinterestbecause
of possibledeviceapplicationsin building logic circuits,oscillators,detectorsetc,andthey
havemuchto offer in thestudyof thephysicsof confinedstructures.Thedc characteristics
havebeenstudiedextensivelyby including the effectsof charging and inelasticscattering.
Reference[1] offers a comprehensivereview of applicationsand the basic physics of
DBRTS. In contrast,thereareonly a few studiesof the ac responseover variousfrequency
regimes[2–7]. While someof thesestudiesare basedon simulating a realistic device
usingdetailednumericalprocedures[2, 3], othersarebasedon simplemodels[4–7]. These
calculationshoweverdo not include the effect of time-varyingcharge densityin the well,
which is important in determiningac conductance[3, 4, 8–10]. While reference[8] has
discussedthe pitfalls of manyexistingac conductancetheoriesqualitatively, reference[9]
formulatedthe theory of ac conductancein the linear responseand low-frequencyregime
asapplicableto mesoscopicstructuresby including the effectsof charging. Subsequently,
reference[12] useda non-equilibriumGreen’sfunction approachto providea formulation
that can be usedat finite biasesand large frequenciesincluding effects of charging in the
well and phononscattering[13]. The effect of time-dependentcharge density in the well
is of importancein determiningthe dynamics,becauseelectronsin the well imageto the
outsideworld, which includesthe contacts.This causesthe flow of displacementcurrents
andcontributesto the ac potentialin the well. The role of thesefactorsin determiningthe
ac conductanceof a DBRTS is not clear from previouswork. In this paper,we study the
ac conductanceof a DBRTS with the aim of illustrating the role of imagingof well charge
to contactsvia a simple model. Imaging of well charge to the two contactsis modelled
by capacitancesdenotedby

�
1 and

�
2 (figure 1). We would like to clarify at the outset
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Figure 1. (a) Thebandstructureof a DBRTS. (b) TheDBRTS is modelledby the tight-binding
Hamiltonian. (c) Imagingof charge from thewell to thecontactsis accountedfor by capacitive
couplingbetweenthe well andthe contactsvia capacitances� 1 and � 2.

that the purposeof this studyis to illustratethe importanceof imagingandnot to modela
typical resonanttunnellingdevice,whosestructureis considerablymorecomplicated.

We derive useful expressionsfor the ac conductanceand show that the ac conduct-
ancedependssignificantly on both (i) the ratio of capacitances

�
1 � � and

�
2 � � , where���	�

1 
 �
2, and(ii) the valueof the total capacitancebetweenthe well andthe contacts.

Thefirst featurefollows becausea time-dependentwell charge ������ contributesto a flow of
displacementcurrentsequalto

�
1� d������

d� and
�

2� d������
d�

in contacts1 and 2 respectively(figure 1), where ������ is the charge in the well at time � .
The secondfeaturecanbe understoodby noting that the time-dependentcharge densityin
thewell contributesto acpotentialof thewell via a term ������ � � (figure1). This affectsthe
currentbecausethe ac potentialin the well playsa role in determiningboth the conduction
anddisplacementcurrents.Note that thereis nothingquantummechanicalaboutthesetwo
features,and they would still ariseevenif

�
1 and

�
2 were leaky capacitorsin a classical

circuit. Quantummechanicsplays a role only in determiningthe valuesof ������ and the
current.

Somepreviouspaperscalculatedthe ac conductanceof a DBRTS by the following
procedure(seesection3). The conductioncurrentsacrossthe two barriersare calculated
by neglectingthe contribution to the ac potential in the well from the time-dependent
charge density. Then the total ac current is taken to be the averageof the conduction
currentsflowing acrossthe two barriers.We find sucha procedure to bevalid only whenthe
capacitancesare symmetrical(

�
1
�	�

2) and thevalueof
�

is large.
The remainderof the paperis arrangedasfollows. In section2, we haveexplainedthe

modeladoptedin detail. In section3, wediscusstheeffectof chargingontheacconductance
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usingexpressionsderivedin section2.2. In section4, we discussthe effect of charging on
the ac conductanceusingnumericalexamples.The effect of including asymmetriesin the
barrierstrengthsandthecapacitancesof anotherwisesymmetricstructurearesystematically
studiedhere.We presentour conclusionsin section5.

2. The model

2.1. TheHamiltonian

We modeltheresonanttunnellingstructureusinga tight-bindingHamiltonian[4–7, 14, 15].
The well is representedby a singlenodewith a resonantlevel at energy ��� andis coupled
to contacts1 and2 (figure 1). The Hamiltonianof the structureis

� � ��� 
 ��� 
 �����
(2.1)

where
��� � ����������� �!���� �

" # $�%
1
#
2

��� "&$ 
('�)+*-,1 cos��./����0 1
# $ ��� � "&$ � "1$ 
 ��23� �"&$ � "&4 1

$ 
 C 5 C�
���+� �

$�%
1
#
2

2 $ � �0$ � 
 C 5 C 6

We assumethat the ac potential is applied only to contact1. � ( � � ) and � "&$ (� � "&$ ) are
annihilation(creation)operatorsfor electronsin thewell andvariouslatticesitesof contact7 respectively. The sites in a contactare labelled starting from 0 which representsthe
lattice site immediatelyneighbouringthe well. 2 1 and 2 2 representthe couplingbetween
the well and site 0 of contacts1 and 2 respectively. 2 representsthe coupling between
nearestneighboursin the tight-binding lattice of the contacts.

���
,
���

and
���+�

represent
the Hamiltoniansof the isolatedwell, contactsandcouplingbetweenthe well andcontacts
respectively.In the presenceof a dc bias 8:9 ,$ appliedto contact 7 , the on-sitepotentialin
contact7 increasesby the dc bias(� "1$3; � "&$ 
(' 8<9 ,$ ). The expressionfor ���=�>��� is

��������� � ��� 0 
(? 2 ' 8 9 , 

7

2 '@) *-,1 �>��� 
A' 8�BC ����� (2.2)

where ��� 0 is the energy of the resonantlevel at zerodc andac biases. 8 9 , and ) *-,1 aredc
and ac biasesappliedto contact1. ? 2 and 7 2 are fractional dropsof the externaldc and
ac potentialsbetweencontact2 and the well respectively,in the absenceof charge in the
well. The last term of equation(2.2) representsthe effect of imagingof charge in the well.
The electronsin the well image to the contactsand this is modelledby capacitances

�
1

and
�

2 (figure 1), which are assumedto be known parameters[9, 14]. As a consequence
of imagingof the well charge, the bandbottom in the well (andhencethe resonantlevel)
changesby 8 BC ����� :

8DBC ����� � �E�>���� � 8 9 ,C 
() *-,C ����� (2.3)

where

8 9 ,C � � 9 , ��8<�� and ) *-,C ����� � ������GFH� 9 , ��8<�� 6 (2.4)

� 9 , ��8<� representsthe dc charge in the well when the applieddc voltageis 8 . ������ is the
total charge in the well and �E�>���IFA� 9 , ��8<� is the time-dependentcomponent. The total
capacitancebetweenthe well andcontactsis

�
(
���

1 
 �
2).
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The total potentialin the well, 8 C ����� , is

8 C ����� � 8DBC ����� 
(? 2 8 9 , 

7

2 ) *-,1 �����=6 (2.5)

Thefirst, secondandthird termsrepresentthepotentialsdueto imagingof thewell charge,
the externallyapplieddc andac potentialsrespectively.

2.2. ac conductance

The appliedac voltageresultsin a time-dependentwell charge that imagesto the contacts.
This (i) causesa flow of displacementcurrentsand (ii) contributesto the time-dependent
potentialof the well ( 8 BC of equation(2.3)). (ii) plays a role in determiningthe correct
conductioncurrents. The conductioncurrent is in turn relatedto the time-varying well
charge by a continuity equation(equation(2.10)).

In thefollowing discussion,we first definea conductancematrix,g. Theconductionand
displacementcurrentsarethenexpressedin termsof theelementsof theconductancematrix.
The procedurefor evaluatingthe conductancematrix is discussedin the next subsection.

2.2.1. The conductancematrix (g). The conductancematrix element J $-K representsthe
ratio of the conductioncurrent( L ,$ ) flowing in contact 7 as a result of an ac voltage() K )
appliedto contact? , with the ac potentialin the well andcontactssetequalto zero:

J $�K �>.G� � L ,$ ��./�
) *-,K ��.G� where 7M ?ON 1 M 2 6 (2.6)

The dc voltageis set to its steady-statevalue,i.e., the dc componentof equation(2.5).

2.2.2. The conductioncurrent. Consideran ac potential ) *-,1 applied to contact1, with
contact 2 grounded. As a result, the potential of the well developsa time-dependent
component,) C ��./� (equation(2.5) [16]). The linear responseac currentflowing in contact
L N 1 M 2 consistsof two terms,(i) due to the ac potential ) *-,1 , with the ac potentialsin the
well and contact2 set equal to zero, and (ii) due to the ac potential ) C ��.G� in the well,
with the ac potential in contacts1 and 2 set equalto zero. The first componentis J " 1 ) *-,1 .
This follows from the definition in equation(2.6). The secondcomponentis physically
equivalentto settingthe ac potential in the well equal to zero along with an ac potential
F ) C ��.G� appliedto contacts1 and2. The linear responsecurrentflowing in contactL dueto
this componentis F���J " 1 
 J " 2 � ) C �>.G� (from equation(2.6)). The total acconductioncurrent
flowing in contacts1 and2 is the sumof the two components:

ac conductioncurrentin contact1
� J 11 ��.G��� ) *-,1 ��.G�GF ) C ��.G�-� 
 J 12 ��./�=��F ) C ��.G���

ac conductioncurrentin contact2
� J 21 ��.G��� ) *-,1 ��.G�GF ) C ��.G�-� 
 J 22 ��./�=��F ) C ��.G���=6 (2.7)

Now, if externalac potentials) *-,1 ��.G� and ) *-,2 ��.G� areappliedto both contacts1 and2, then
the conductioncurrentin the two contactsis given by

P ,1 �>.G� � J 11 ��.G�=� ) *-,1 ��./�GF ) C ��.G��� 
 J 12 ��.G�=� ) *-,2 �>.G�GF ) C ��.G��� (2.8)P ,2 �>.G� � J 21 ��.G�=� ) *-,1 ��./�GF ) C ��.G��� 
 J 22 ��.G�=� ) *-,2 �>.G�GF ) C ��.G���=6 (2.9)

The well charge is relatedto the conductioncurrentsby the continuity equation:

d�E�����
d�

� P ,1 ����� 
 P ,2 ����� ; ���./� �
P ,1 �>.G� 
 P ,2 ��.G�

F i . 6 (2.10)



Charging effectsin theac conductanceof a DBRTS 9019

Substitutingequation(2.10) in equation(2.3) and equation(2.5), the ac potential of the
devicecanbe written as

) C ��.G� � 7
2 ) *-,1 ��.G� 


P ,1 ��.G� 
 P ,2 ��./�
F i . � 6 (2.11)

Using equations(2.8), (2.9) and(2.11), the conductioncurrentsin contacts1 and2 canbe
expressedin termsof the J -matrix elements:

Q ,1 ��./� �
P ,1 �>.G�
) *-,1

� 

7

1 J 11 F 7
2 J 12 
 � 1� [ F i . � ] �=��J 11J 22 FHJ 12J 21�

1 
 � 1� [ F i . � ] �=�>J 11 
 J 22 
 J 12 
 J 21� (2.12)

Q ,2 ��./� �
P ,2 �>.G�
) *-,1

� F
7

2 J 22 F 7
1 J 21 
 � 1� [ F i . � ] �=��J 11J 22 FHJ 12J 21�

1 
 � 1� [ F i . � ] �=�>J 11 
 J 22 
 J 12 
 J 21� 6 (2.13)

Here 7 1 and 7 2 arefractionaldropsin the externallyappliedac potentialbetweenthe well
andcontacts1 and2 respectively,in the absenceof charge in the well.

2.2.3. Thedisplacementcurrent. The displacementcurrentflowing in contact 7 consists
of two components.Onecomponent,R i . � (the plus andminussignsare for the currents
in the two different contacts),is due to the dielectric natureof the barrier and well. This
componentdoesnot dependon tunnelling of charge from the contactsto the well and
is not explicitly written in the remainderof the paper. The other component,which is
due to tunnelling of charge from the contactsto the well, is equal to i . � $ � � . The total
displacementcurrentsin the two contactsaregiven by

P 91 ��./� � i .
�

1� ���.G� � F
�

1� � P ,1 ��.G� 
 P ,2 ��.G��� (2.14)

P 92 ��./� � i .
�

2� ���.G� � F
�

2� � P ,1 ��.G� 
 P ,2 ��.G����6 (2.15)

Solving equations(2.8)–(2.15),we get the following expressionfor the conductance
contributionsfrom the conductionanddisplacementcurrents:

Q 9$ ��.G� �
P 9$ ��.G�
) *-,1

� � $
�

7
1 �>J 11 
 J 21�GF 7

2 ��J 22 
 J 12�
1 
 � 1� [ F i . � ] �=��J 11 
 J 22 
 J 12 
 J 21� (2.16)

where, 7 �
1 M 2 and . hasbeensuppressedin the argumentsof the J -matrix elements.

2.2.4. The total current. Using equations(2.14) and (2.15), it can be seenthat the total
current (conductionplus displacement)in the contactscan be expressedin terms of the
conductioncurrents:

P
1 ��.G� � P ,1 ��./� 
 P 91 ��./� �

�
2� P ,1 ��.G�/F

�
1� P ,2 ��.G� (2.17)

and
P

2 ��.G� � P ,2 ��./� 
 P 92 ��./� �
�

1� P ,2 ��.G�/F
�

2� P ,1 ��.G� � F P 1 ��./�=6 (2.18)

We would like to emphasizethat
P ,1 ��.G� and

P ,2 ��.G� aretheconductioncurrentscalculatedby
including the contributionto the ac potentialin the well dueto the ac well charge density.
In the remainderof the paperit is assumedthat 7 1 and 7 2 areequalto fractionaldropsin
the potentialsacross

�
1 and

�
2 (figure 1). Then, 7 1

�S�
2 � � and 7 2

�S�
1 � � . Substituting

equations(2.12)and(2.13) in equations(2.17)and(2.18), the total ac conductanceis

Q
1 ��./� � 


7
1

2 J 11 
 7
2

2 J 22 F 7
2
7

1 ��J 12 
 J 21� 
 � 1� [ F i . � ] �=��J 11J 22 FHJ 12J 21�
1 
 � 1� [ F i . � ] ����J 11 
 J 22 
 J 12 
 J 21� (2.19)

Q
2 ��./� � F Q 1 ��.G�=6 (2.20)
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2.3. Calculationof theconductancematrix elements:J $�K
Thegeneralexpressionfor theacconductioncurrentin contact7 takenfrom reference[12]
is

L $ ��./� � '
¯
T

4VU
W U

dX
2Y Tr Z�L�[ 1\$ ��X M ./� 
 L�[ 2\$ �>X M .G� 
 L�[ 3\$ ��X M .G� 
 L�[ 4\$ ��X M .G��] (2.21)

where

L [ 1\$ ��X M .G� �S^`_$ ��X 
 ¯
T . M X�� [ Q � ��X 
 ¯

T .G�GF Q * �>X3� ] (2.22)

L [ 2\$ ��X M .G� � F i a $ J _ ��X 
 ¯
T . M X�� (2.23)

L [ 3\$ ��X M .G� � J � ��X 
 ¯
T . M X��=b _$ �>X3�/FcJ * ��X 
 ¯

T . M X3��b _$ ��X 
 ¯
T ./� (2.24)

L [ 4\$ ��X M .G� �S^ �$ ��X 
 ¯
T . M X3� Qd_ ��X��GF Qe_ ��X 
 ¯

T ./� ^ * ��X 
 ¯
T . M X��=6 (2.25)

Herethe functionsrepresentedby capital lettersarecalculatedin the steady-statelimit and
the functionsrepresentedby lower-caselettersare calculatedto first order in the applied
ac potential.

Q � , J � , Q * and J * are retardedand advancedGreen’sfunctionsat the site
representingthewell. Similarly, b �$ , ^ �$ , b *$ and

^ *$ areretardedandadvancedself-energies
at thewell sitedueto couplingwith contact7 . Thefunction b _$ ��X�� representstheinjection
of electronsfrom contact7 to the deviceat energy X .

^ _$ ��X 
 ¯
T . M X3� representsthe time-

dependentinjection from contact7 to the device.
Using theexpressionsfor dc [15, 17] andac [12] self-energies,applyinganacpotential

to contact ? yields

b �$ ��X�� � i a $ ��X3� (2.26)

b _$ ��X�� � i a $ �>X3��f $ �>X3� (2.27)

^ �$ ��X 
 . M X3� � b �$ ��X��GF(b �$ �>X 
 ./�
. 0 $�K (2.28)

^`_$ ��X 
 . M X�� � b _$ �>X3�/FAb _$ ��X 
 .G�
. 0 $-K (2.29)

where,7 standsfor contacts1 and2. In theexpressionfor theretardedself-energy, we only
keepthe imaginarypart and neglectthe real part which representsa shift in the resonant
energy [17].

In the dc limit the expressionfor a $ �>X3� is [18]

a $ ��X�� � 2 2$
2 sin��g $ � � for Xih	8 $ (2.30)

a $ ��X�� � 0 for Xij	8 $ 6 (2.31)

Due to the absenceof inter-modescattering,the Green’sfunctionstake the following
form usingexpressionsfor J and

Q
from [12] and[15] respectively:

Q � ��X�� � 1

XkFH��� 0 
 bl��X�� (2.32)
Q _ ��X�� �	Q � ��X��=b _ ��X�� Q * �>X3� (2.33)

J � �>X 
 . M X�� �SQ � �>X 
 .G� ^ � �>X 
 . M X�� Q � ��X�� (2.34)

J _ ��X 
 . M X�� �SQ � ��X 
 .G� ^`_ ��X 
 . M X�� Q * ��X�� 
 J � �>X 
 . M X��=b _ ��X3� Q * ��X��

 Q � ��X 
 .G�=b _ ��X 
 .G��J * ��X 
 . M X���]=6 (2.35)

Using equations(2.26)–(2.29)and equations(2.32)–(2.35)in equation(2.21), the various
conductancematrix elementsarecalculated.
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3. The effect of charging on the ac current

Manyreferencescalculatetheaccurrentby neglectingtheeffectof charging in thedevice[2–
7]. Specifically, reference[6] calculatesthe ac conductioncurrentsflowing in the two
contactsby neglectingthe effect of charging. It is thenassertedthat the total ac currentis
equalto the averageof the calculatedconductioncurrentsin the two contacts:

P ��.G� � 1

2
��L ,1 �>.G�GFHL ,2 ��.G��� (3.1)

where, L ,1 ��.G� and L ,2 �>.G� areconductioncurrentscalculatedby neglectingcharging.
To illustrate the importanceof charging and to show that equation(3.1) is valid only

underspecialcircumstances,we summarizeour line of argumentfrom theprevioussection.
The total currentis the sumof the conductionanddisplacementcurrents:P

1 ��.G� � P ,1 ��./� 
 P 91 ��./� and
P

2 ��.G� � P ,2 ��./� 
 P 92 ��./�=6
The conductioncurrentshereshouldbe calculatedby including the effect of the potential
in the well due to the time-varyingcharge density in the well (equation(2.3)). The dis-
placementcurrentsarerelatedto the time-dependentcharge densityandaregiven by

P 91 ��./� � i .
�

1� ���.G� and
P 92 ��.G� � i .

�
2� ���.G�=6

Now ���.G� in the above equationscan be related to the conductioncurrentsusing the
continuity equation:

d�E�����
d�

� P ,1 ����� 
 P ,2 �����mF ; ���./� �
P ,1 �>.G� 
 P ,2 ��.G�

F i . 6
Using the last five equations,the total currentcanbe expressedin termsof the conduction
currents(calculatedby including the effect of charging in the well) as

P
1 ��.G� �

�
2� P ,1 ��.G�GF

�
1� P ,2 �>.G� and

P
2 ��./� �

�
1� P ,2 ��.G�/F

�
2� P ,1 ��.G�=6

From theseequations,we see that equation(3.1) is an appropriateexpressionfor the
conductioncurrent only when both

�
1
�n�

2 and the conductioncurrentsare calculated
by neglectingthe effect of charging.

In termsof our notationinvolving the J -matrix elements,equation(3.1) correspondsto
thefollowing equationwhich is obtainedby setting

���So
and

�
1
�S�

2 in equation(2.19):

Q
1 ��.G� � F Q 2 �>.G� � 1

2
Z 7 1 ��J 11 FHJ 21� 
 7

2 �>J 22 FHJ 12��]=6 (3.2)

In section4, we will numericallycompareour resultsobtainedfrom equation(2.19)to those
obtainedfrom equation(3.2).

4. Numerical examples

In this section,we demonstratethe effect of charging on the ac conductanceby comparing
the conductancescalculatedwith and without charging. The valuesof ��� , a 1 and a 2 are
chosenonly to illustratethediscussionof section3. Capacitancescomparableto thoseused
herearepossibleonly in deviceswith very narrowcrosssections.Thediscussionof section
3 is howevervalid for broad-arearesonanttunnelling devicesas well, wherethe effect of
capacitancesis equallyimportant. In example1, we startwith a devicewhich is symmetric
bothin thebarrierstrengthsandcapacitances,at zerobias. Heretheconductancescalculated
from equations(2.19)and(3.2) arecomparable.Theeffect of introducinganasymmetryin



9022 M P Anantram

only the barriers(example2) andthe capacitances(example3) of the structurein example
1 is thenstudied.In example4, we discussthe ac conductanceof a devicein the presence
of an appliedbias. In the numericalexamplesconsideredhere,we haveverified that the
low-frequencyacconductanceis equalto thedifferentialconductanceof thedc

P
– 8 curve.

4.1. Example1. A symmetricdeviceat zero bias

The conductanceversusfrequencywith and without charging (equations(2.19) and (3.2))
arefound to be thesame(thecirclesandcrossesof figure3). This is becausein thespecial
limit of a symmetricdeviceat zero bias, the ac charge density in the well is zero (This
follows from equations(2.10), (2.12), (2.13) andby noting that, for a symmetricstructure
at zerobias, J " p � J p-" .) As a result,both theacpotentialandthedisplacementcurrentsdue
to the charge in the well arezero. The parameterschosenin this exampleare: 8 9 ,

�
0 V,

the chemicalpotential of contact1 (q 1) and contact2 (q 2) are chosento be 10 meV,
��� � 10 meV, a 1

� a 2
�

0 6 1 meV at X � ��� , 2 �
2000 meV, 2 1

� 2 2
� 2 � 166 7,�

1
�	�

2
�

2 r 10W 16 F and gts �
0 6 015 meV.

4.2. Example2. Theeffectof asymmetryonly in thebarrier strength

The structureis identical to that in example1 except that the barriers are asymmetric
(a 1

�
0 6 02 meV and a 2

�
0 6 1 meV). Then, the resultspredictedby equations(2.19) and

(3.2) arecomparable(figure 2(a)). This canbe explainedas the total capacitancebetween
the deviceand the contactsis so large that the contributionto the ac potentialin the well
dueto the �E�>.G� � � term in equation(2.3) is negligibleandthat

�
1
�	�

2 (seethediscussion
in section3).

When thereis an asymmetryin the capacitances,charging shouldalwaysbe included
properly.

In the caseof a structurewith smaller capacitances(
�

1
�u�

2
�

1 r 10W 16 F), the
resultsobtainedfrom equations(2.19)and(3.2) aredifferent(figure 2(b)). This is because
whenthe total capacitanceis small, the potentialof the well is alteredsignificantlyby the
charge in it. Then, the conductioncurrentscalculatedwith andwithout charging included
are different. Note that equation(3.2) doesnot predict a changein the ac conductance
whenthecapacitancesarechangedwithout alteringtheratios 7 1 and 7 2 (seethecirclesand
crossesin figures3(a) and3(b)).

4.3. Example3. Theeffectof asymmetryonly in thecapacitances

A DBRTS for which an asymmetryin the capacitanceshasbeenintroducedin example1
(
�

1
�

1 r 10W 15 F and
�

2
�

5 r 10W 15 F; the barriersaresymmetric)is now considered.
Here

�
is largeenoughthatthe � � � termdoesnotcontributesubstantiallyto theacpotential

in the well. The resultsobtainedfrom equations(2.19) and (3.2) are different (figure 3)
becauseunequaldisplacementcurrentsflow in the two contactswhen

�
1 v�w�

2. Then, a
simpleaveragingof theconductioncurrentsasin equations(3.1)and(3.2) is no longervalid.
Notethattheresultfor theacconductancefrom equation(3.2) is identicalin examples1 and
3 becauseequation(3.2) doesnot correctlyaccountfor the asymmetryin the capacitances.

4.4. Example4. ac conductancein thepresenceof an appliedvoltage

Thedc biasis chosento be 8 �
5 mV for theexamplein figure4 andtheself-consistently

determinedpositionof the resonanceis 10.5362meV. Thevaluesof thevariousparameters
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Figure 2. Asymmetryjust in the barrier strengths. (a) For a structure in which the only
asymmetryis in the barrier strength,neglectingcharging is a good approximationwhen the
total capacitancebetweenthe well and the contactsis large. (b) For the samestructureas in
(a), neglectingcharging is not a reasonableapproximationwhen the total capacitancebetween
the well andthe contactsis small.
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Figure 3. Asymmetryjust in thecapacitances.

are
�

1
�	�

2
�

1 r 10W 15 F, 2 �
2000meV, 2 1

� 2 � 176 1, 2 2
� X � 176 1, � � 0 � 8 6 0 meV,

q 1
�

15 meV, q 2
�

10 meV and gts �
0 6 037 meV. From figure 4(a), we seethat the

elementsof the J -matrix, J 12 and J 22, arelarger than J 21 and J 11 respectively.This feature
canbeunderstoodby notingthatthe J -matrix elementsdependon thevariationof theFermi
function in the contactsandthat this variation is morerapid aroundthe resonantenergy in
contact2 than in contact1 (equation(2.29)). Also, the real part of J 12 and the imaginary
partof J 22 exhibit a peakarounda frequencyof 0.5meV becausetheresonantenergy in the
well is about0.5362meV abovethe chemicalpotentialof contact2. We arein the regime
wherethe � � � componentof 8 C is negligible and

�
1
�x�

2. So the ac conductancehere
agreeswell with that obtainedfrom equation(3.2). From equation(2.19),we find that

Q
1 ��.G� � 1

4
��J 11 
 J 22 FcJ 12 FHJ 21��6

This expressionexplainswhy the ac conductancelooks similar to J 22, the largestof the
J -matrix elements(figure 4(b)).

On the other hand,we know from section3 that for a devicewhere
�

1 v�y�
2, the ac

conductancedependson theratio of
�

1 and
�

2. To illustratethis, we keepthevaluesof the
resonantenergy, appliedbiasandall otherparametersthesameasthoseusedin figure4(b),
exceptthat

�
2
�

4 r �
1
�

4 r 10W 15 F. From equation(2.19),

Q
1 ��.G� � 16

25
J 11 
 1

25
J 22 F 4

25
��J 12 
 J 21��6

While the J -matrixelementsremainthesameasin figure4, it is obviousfrom theexpression
for

Q
1 ��.G� that the conductancehere is very different from that in the previous case

(figure 4(c)). In contrast,equation(3.2) predictsthe samevalue for the ac conductance
in the two cases[19].
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Figure 4. ac conductancein the presenceof an applied bias. (a) The conductancematrix
elements.(b) The total conductancelookssimilar to the largestconductancematrix elementz 22

for this structurewhen � 1 { � 2. (c) The total conductancefor a devicefor which � 2 { 4� 1

is, however,different from case(b).

4.5. Experiments

We now make some remarkson the experimentalconditions necessaryto observethe
differencesin theacconductancediscussed.Example1 correspondsto a symmetricGaAs–
AlGaAs structurewith identicalbarrierson eitherside. A structurewith equalcapacitances
betweenthe well andthe two contactsbut with differentcouplingstrengthsto the contacts
(example2) canbeconstructedasfollows. Thecouplingacrossthe left-handbarriercanbe
madeweakerby increasingthebarrierheight. For AlGaAs, thedielectricconstantdoesnot
changesignificantlyas the Al doping is increasedin the left-handbarrierso asto increase
the barrier height. As a result, the barrierswill have nearly the samewidths and hence
capacitances.With regardsto example3, the capacitanceacrossthe secondbarriercanbe
madefive timeslarger by makingthe barrieraboutfive timesthinner thanthe first barrier.
To havesimilar transmissioncoefficients, the barrier height of the secondbarrier should
be correspondinglyincreased.Theserequirementscan probablybe met with the present
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advancesin band-gapengineeringandtheexactvaluesof thebarrierheightsandwidthsare
easyto determine.What is moredifficult to achieveis the closeproximity of the contacts
to the barriersthat we haveassumedin this paper. This assumptionwas howevermade
only to makethe calculationssimpler, and more realistic calculationsthat are beyondthe
scopeof the presentwork canbe carriedout.

5. Conclusions

In this paper,we havecalculatedthe ac conductanceof a DBRTS by including the effect
of imaging of charge from the well to the two contactsand presentuseful expressionsto
calculatethe ac conductanceof a DBRTS. The formalismis applicableat high frequencies
andin thepresenceof finite dc biases.Theself-consistentinclusionof theeffect of imaging
of well charge is centralto calculatingtotal currentswhich are equal in the two contacts.
We find that including the effect of imagingof charge from the well to the contactsplays
a significantrole in determiningthe ac conductanceof a DBRTS. The time-varyingcharge
densityin the well contributesto a flow of displacementcurrentsequalto�

1� d�
d� and

�
2� d�

d�
in contacts1 and2 respectively(������ is thewell charge). Thestrengthof imagingwhich is
modelledby the total capacitance

�
playsa role in determiningthe ac potentialin the well

via the ������ � � term. Thesefeatureswere illustratedusing simple numericalexamplesin
section4. Somepreviouspaperscalculatedtheacconductanceof aDBRTSby thefollowing
procedure.The conductioncurrentsacrossthe two barrierswere calculatedby neglecting
thecontributionto theacpotentialin thewell dueto imagingof the time-dependentcharge
density. Then the total ac currentwas takento be the averageof the conductioncurrents
flowing acrossthe two barriers. In conclusion,we haveshownthat sucha procedurefor
calculatingthe ac conductanceis correct only when both the capacitanceis symmetrical
(
�

1
�	�

2) andthe valueof
�

is large.
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